Effect of cluster shape, traction distribution and dynamics on the tensional homeostasis in multi-cellular clusters by Li, Juanyong
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2018
Effect of cluster shape, traction




















EFFECT OF CLUSTER SHAPE, TRACTION DISTRIBUTION AND DYNAMICS 



















Submitted in partial fulfillment of the 
 
requirements for the degree of 
 









































© 2018 by 
 Juanyong Li 










First Reader   
 Dimitrije Stamenović, Ph.D. 
 Professor of Biomedical Engineering 





Second Reader   
 Paul E. Barbone, Ph.D. 
 Professor of Mechanical Engineering 





Third Reader   
 Michael L. Smith, Ph.D. 
 Associate Professor of Biomedical Engineering 





Fourth Reader   
 Katherine Yanhang Zhang, Ph.D. 
 Associate Professor of Mechanical Engineering 
 Associate Professor of Materials Science and Engineering 









I would like to dedicate this work to my parents, and to all my friends who supported me 






I would like to thank to my advisor, Dr. Dimitrije Stamenović for all his help and 
support in this study. I would also like to thank to Dr. Michael Smith for his guidance in 
the field of study and experiments, to Dr. Paul Barbone for his guidance and advices in 
mathematical and mechanical computations, and to Dr. Katherine Yanhang Zhang for her 
indispensable advices. Finally, I would also like to thank to all the fellow students I 
reached out in this project: Han Xu, Alicia Zollinger, Sze-Nok Tam, and Xin Jiang. I 







EFFECT OF CLUSTER SHAPE, TRACTION DISTRIBUTION AND DYNAMICS 
ON THE TENSIONAL HOMEOSTASIS IN MULTI-CELLULAR CLUSTERS 
JUANYONG LI 
ABSTRACT 
 Various types of mammalian cells exhibit the remarkable ability to adapt to 
external applied mechanical stresses and strains. This ability allows cells to maintain a 
stable endogenous mechanical tension at a preferred (homeostatic) level, which is of 
great importance for normal physiological function of cells and tissues, and for a 
protection from various diseases, including atherosclerosis and cancer. Previous studies 
have shown that the cell ability to maintain tensional homeostasis is cell type-dependent.  
For example, isolated endothelial cell cannot maintain tensional homeostasis, whereas 
clusters of endothelial cells can, more so the greater the size of the cluster is. On the other 
hand, cell clustering does not affect tensional homeostasis of fibroblasts and vascular 
smooth muscle cells. Underlying mechanisms for these behaviors of different cell types 
are largely unknown. In this study, we combined theoretical analysis and mathematical 
modeling to investigate several biophysical factors, including cluster shape and size, 
magnitude and dynamics of cellular traction forces, and applied shear forces that may 
influence tensional homeostasis in cells and clusters. We developed two-dimensional 
models of cells clusters of different shapes and sizes.  To simulate temporal fluctuations 
of cell-extracellular matrix traction forces, we used a Monte Carlo approach.  We also 
applied physical forces obtained from previous experimental measurements to the 
models. Results of the analysis and modeling revealed that cluster size, magnitude and 
	
	 vii 
dynamics of focal adhesion traction forces have a major influence on traction field 
variability, whereas the influence of cluster shape appears to be minor.  The dynamics of 
traction forces seems to be related to cell types and it can explain why in certain cell 
types, such as endothelial cells, cell clustering promotes tensional homeostasis, whereas 
in other cell types, such as fibroblasts, clustering has virtually no effect on homeostasis. 
To further investigate mechanisms that may affect tensional homeostasis, we investigated 
the effect of applied steady shear stress on the traction field dynamics of endothelial cells 
and clusters.  We applied steady shear stress to our two-dimensional model of cell 
clusters and then computed ensuing changes in the traction force variability.  These 
simulations mimicked the effect of flow-induced shear stress on tensional homeostasis of 
endothelial cells and clusters.  We found that under steady shear stress, temporal 
fluctuations of the traction field of endothelial cells became attenuated.  This result agrees 
with the viewpoint that steady shear flow promotes tensional homeostasis in the 
endothelium.  Together, results of this study advance our understanding of biophysical 
mechanisms that contribute to the cell ability to maintain tensional homeostasis.  
Furthermore, these results will help us to modify our current experimental procedures, as 
well as to design new experiments for our investigation of tensional homeostasis.   
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Most living organisms and cells possess the ability to maintain their internal 
physiological condition at a preferred level to protect them from external disturbances, 
and to maintain the normal physiological function. For example, mammals and birds 
possess the ability to maintain stable body temperature. Adherent cells exhibit the 
remarkable ability to adapt to applied mechanical stresses and strains, and maintain their 
endogenous cytoskeletal mechanical tension at a steady and stable (homeostatic) level, 
which is essential for the normal physiological function of the tissues such as the 
epithelium and the endothelium [7][1] and for protection against various diseases, 
including cancer and atherosclerosis [7][20][24]. It has been widely assumed that 
tensional homeostasis spans a broad range of length scales (and time-scales), from the 
subcellular level to the organ level[11][18]. However, several recent studies have casted 
doubt to this idea. It has been shown that that some types of cells, such as endothelial 
cells, could not maintain tensional homeostasis at a single cell level, and that tensional 
homeostasis in these cells could be achieved only in multicellular clusters 
[13][6][25][29]. On the other hand, in other cell types, such as fibroblasts and vascular 
smooth muscle cells, clustering appeared to have no significant effect on tensional 
homeostasis when compared to single cells [29].  The underlying mechanisms of these 
phenomena remain largely unknown.   
Most previous studies of tensional homeostasis investigated variability of the cell-
extracellular matrix (ECM) traction field.  Since cellular traction forces arise in response 




field has been used as indicators of tensional homeostasis.  If variability of the traction 
field around its mean value were small, that would indicate that the cells are close to the 
state of tensional homeostasis.  
In this study, we investigated the effect of several different biophysical factors on 
temporal variability of the cell-ECM traction field in single cells and in multicellular 
clusters.  In particular, we focused on the contribution of dynamics and distribution of 
focal adhesion traction forces in conjunction with geometrical shape and size of 
multicellular clusters.  Our approach combined theoretical analysis of traction field 
variability and mathematical modeling.  We focused on tensional homeostasis of three 
different cell types, bovine aortic endothelial cells (BAECs), mouse embryonic 
fibroblasts (MEFs), and bovine vascular smooth muscle cells (BVSMCs), since it has 
been observed previously that these cells have exhibited different tendencies towards 
tensional homeostasis. We also modeled the effect of flow-induced shear stress on 
tensional homeostasis of BAECs to investigate whether shear flow promotes tensional 
homeostasis as suggested previously [7].  Our specific aims are as follows: 
Aim 1: To develop an analytical approach and a two-dimensional mathematical model of 
multicellular clusters in order to investigate how traction force magnitude and dynamics, 
as well as cluster size and cluster shape affect tensional homeostasis. 
Rationale: It has been observed that dynamics of focal adhesion traction forces, their 
magnitude and distribution are closely associated with cluster shape and cluster size. We 
will use an analytical approach combined with a two-dimensional mathematical model to 




Aim 2: To simulate experiments of tensional homeostasis on square dot array in the 
absence and in the presence of steady shear flow. 
Rationale: Maintaining a uniform cell cluster shape while varying cluster size 
eliminates the effect of cluster shape on tensional homeostasis. A steady shear fluid flow 
is suggested to promote tensional homeostasis in the endothelium [7]. In order to get an 
insight into this problem, we will simulate shear flow experiments carried out on square-
shaped multicellular clusters of different sizes to study traction field variability under 
applied shear stress. 
Our study is limited to biophysical, mechanical effects on tensional homeostasis. 
Other factors, such as mechanotransduction and cell signaling, are not considered. 
 
1.1 Background 
1.1.1 Introduction to Homeostasis 
In 1865, French physiologist Claude Bernard wrote "The stability of the internal 
environment [‘milieu intérieur’] is the condition for the free and independent life.", thus 
becoming the first person to come up with the idea that organisms could actively 
maintain a stable internal environment [10]. In 1926, the term “homeostasis” was coined 
by American physiologist Walter B. Cannon[3][3], from Greek words “homios” 
(“similar”) and “stasis” (“steady”), i.e., tendency towards maintaining stability. In his 
book entitled The Wisdom of Body with a subtitle How the Human Body Reacts to 
Disturbance and Danger and Maintain the Stability Essential to Life, published in 1932, 




external applied perturbations in order to maintain a constant level of its internal 
environment[4][7].  
Maintaining homeostasis is a fundamental property of organisms, and is wide spread 
across biosphere, at every level of organization. For example, on the whole body level, 
mammals and birds could maintain a homeostatic body temperature; on the system level, 
homeostasis of blood glucose level is maintained; on the cell level, a homeostatic ion 
concentration is maintained. Breakdown of homeostasis could be the cause of various 
diseases, such as diabetes. Researches on the mechanism of homeostasis could help 
understanding the cause of various diseases, and eventually develop therapies. Because of 
its significance, homeostasis has been at the focus of research in physiology and 
pathophysiology.  
1.1 2 History of Researches on Cell Tensional Homeostasis 
In 1998, Brown and co-workers [2][8]planted fibroblasts inside a three-dimensional 
collagen lattice and applied minute, cyclic uniaxial tension to the lattice using a tensional 
culture force monitor. They found that when matrix tension increased or decreased above 
or below the endogenous cell mediated tension level by more than 25%, the cells would 
actively decrease or increase the matrix tension toward the endogenous cell mediated 





Figure 1.1 Results of Brown et al.[2][8]. Cellular response to the applied mechanical load. 
Reprinted from reference [8].  
 
In 2004, Mizutani et al. [18] investigated the ability of single fibroblast to 
maintain a homeostatic stiffness, which is highly correlated with intracellular tension 
[26]. After applying a small amplitude (8% length) of sudden compression and stretch to 
the single cells planted on the silicone gel, by using mechanical scanning probe 
microscopy, the researchers found that the cell surface suddenly harden when stretched 
and then soften in approximately 2 hours, and suddenly soften when compressed, and 
then harden in approximately 2 hours, indicating that fibroblasts have the ability to 
maintain their stiffness at a preferable level in response to external mechanical 




elastic actin stress fibers in the cell is the basis of stiffness modulation, from the facts that 
there is only slight change in stiffness, when the loading direction is perpendicular to the 
direction the elastic fiber. Pretreatment with Y-23762, an inhibitor of Rho-kinase, 
eliminating cell contractility, eliminated the change of stiffness. Besides, there is no 
obvious change in the direction of actin in the experiment, suggesting the change in 
stiffness is not from actin network remodeling [18]. 
 
Figure 1.2 Results of Mizutani et al. [18].  Time-dependence of the averaged stiffness at the 
central areas of the cell surface in sudden compression (Left) and stretch (Right) of 8% length. 
Reprinted from reference[18]. 
 
Chien [7] proposed that endothelial cells have the ability to sense the mechanical 
stimuli, and minimize the change of inner stress and strain, by remodeling their 
cytoskeleton as well as cell morphology, under directed laminar shear stress and uniaxial 
stretch. This modulation is not found under turbulent flow, where flow is not 
unidirectional, and during biaxial stretch. Under laminar shear stress and uniaxial stretch, 
cells would experience a decrease in height, and increase in stiffness. The stress fibers of 
the cytoskeleton would become thicker, and align to the direction parallel to shear stress, 
and perpendicular to the stretch axis. The alignment of stress fibers helps endothelial cells 




mechanical changes in turn act on the molecular signaling through mechanotransduction, 
and together form a feedback regulation, maintaining homeostasis of the endothelium.  
 
Figure 1.3 Results of Webster et al. [27]. Steady-state tension of single cells is altered by cell 
displacement in a rate-dependent manner (A) The loading perturbation applied by displacing the 
cantilever by 1 mm either toward the bottom substrate or away from the substrate at rates of 0.1 
mm/min(C), 1 mm/min(D), or with a step motion (B), after a cell has reached steady state. 
Application of a 1-mm step displacement and 1 mm/min displacement induced a significantly 
higher value of contractile force compared to before loading. Contractile force increased slightly 
when a cell was slowly strained at 0.1 mm/min by 1 mm.  Reprinted from reference [27]. 
 
Together, these studies provided evidence of tensional homeostasis in different cell 
types. However, these studies are qualitative rather than quantitative.  More recently, 
several quantitative studies of tensional homeostasis in cells have emerged. Webster et al. 




the change in stress due to the change in strain, and under the moderate loading rate, the 
stress level did not significantly change.  However, the intracellular stress level did not 
return to the original set point, when the loading rate was high.  Rather, it exhibited a new 
set point tension. This observation does not strictly correspond to the definition of 
tensional homeostasis that cells have a fixed basal tension, and the authors term this 
minimization of change as “tensional buffering” (Fig. 1.3).  
Krishnan et al. [13] applied cyclic uniaxial stretch on single human umbilical vein 
endothelial cells (HUVECs) and simultaneously measured the ensuing reorientation of 
the traction field.  They found that the traction field reoriented within 1 h of applied 
stretch in the direction perpendicular to the stretch axis and maintained this orientation 
throughout a 2-h stretch period. However, the traction field exhibited a highly erratic 
temporal fluctuation before, during and after its reorientation, indicating that tensional 
homeostasis could not be maintained by single HUVECs (Fig. 1.4).  
 
Figure 1.4 Results of Krishnan et al. [13]. The traction field of single HUVECs reorients in the 
direction perpendicular to the stretch axis within 1 h from the onset of stretch (A), whereas the 
traction field fluctuations are highly erratic before and after reorientation (panel B).  Each color 
represents different cell. Reprinted from reference [13]. 
 




aortic endothelial cells (BAECs). They found that the traction field of isolated BAECs is 
highly erratic and variable, and this variability decreases in BAECs organized in 
confluent and in non-confluent clusters [6].  Tam et al. investigated this phenomenon 
using a mathematical model [25]. They identified two factors that might affect tensional 
homeostasis: statistical averaging that attenuated traction field temporal variability, and 
stress build up that impeded this attenuation. Statistical averaging could completely 
explain the observed attenuation of the traction field variability in non-confluent clusters, 
which followed inverse square root dependence, as one would predict based on the 
central limit theorem.  In confluent clusters, however, attenuation of traction field 
fluctuations was more complex, and occurred at a slower rate than the inverse square root 
dependence.  This slower rate of attenuation was attributed to the impeding effect of 
stress buildup in the cluster as a result of the stress transmission from the cluster edge to 
its interior (Fig. 1.5).    
 Zollinger et al. [29] studied the effect of cell type on tensional homeostasis.  They 
measured traction field variability in isolated cells and in clusters of BAECs, mouse 
embryonic fibroblasts (MEFs), and bovine vascular smooth muscle cells (BVSMCs).  
They found that cell clustering promoted attenuation of traction temporal fluctuations 
only in BAECs and not in MEFs and BVSMCs (Fig. 1.6). Thus, these authors concluded 
that the ability of cells to maintain tensional homeostasis is cell type-dependent. This 
study also indicated that tensional homeostasis relies on the molecular signaling provided 





Figure 1.5 Results from the study by Tam. et al. [25] and Canović et al. [6]. Simulated 
normalized standard deviation (NSD) versus N relationship obtained for jointed clusters (solid 
circles, left) and disjointed clusters (solid circles, right), and experimentally obtained NSD versus 
N relationship for confluent clusters (open circles, left) and non-confluent clusters (open circles, 
Right). Reprinted from reference [25]. 
 
 
Figure 1.6 Result from Zollinger et al. [29]. Values of coefficient of variation (CV) for 
endothelial, fibroblasts and smooth muscle cells. Single cells are shown in light grey, clusters in 




1.1 3 Significance 
There is a close association between break down of tensional homeostasis in cells 
and progression of various diseases. Chien showed that in the regions of complex, 
turbulent blood flow (e.g., near blood vessel branching), endothelial cells lose the ability 
to adapt to applied mechanical load, cell turnover (mitosis and apoptosis) is of a higher 
rate, resulting in the leakage of macromolecules, which leads to focal lipid accumulation 
that is atherogenic [7].  Chien also found that in the regions of unidirectional shear flow 
(e.g., straight portions of blood vessels) mechanotransduction in the endothelium 
modulates gene expression, thus downregulating the inflammatory factors and 
atherogenic products [7].  
Paszek et al. [18] argued that tensional homeostasis in the epithelium is necessary 
for normal tissue behaviors. A stiff matrix would increase contractility of the acto-myosin 
machinery as well as cytoskeleton tension, boosting the malignant transformation of 
tissues [20].  
Understanding mechanisms and effective factors of tensional homeostasis in cells 
would help understanding the potential causes of various diseases. For example, by 
combining methods of computational fluid mechanics with the observations that the 
steady blood flow protects vessel from inflammation and atherosclerosis by promoting 
the tensional homeostasis of vascular endothelial cells, Chien suggested various factors 
such as smoking, obesity, hyperglycemia, and lack of exercise increase the risk of 
atherosclerosis by affecting the flow pattern of several lesion-prone areas in blood vessels 




various diseases. For example, by minimizing the mechanical effect of stent implantation 
on local tensional homeostasis in the endothelium, the risks of stent-induced thrombosis 
could be decreased [28].  
For completeness of the introduction, basic concepts of cell structural organization 
and physiology as well as the traction microscopy technique used in measurements of 
tensional homeostasis are given below. 
1.1 4 Cytoskeleton 
Cells possess an intracellular filamentous structure of biopolymers named the 
cytoskeleton (CSK). In eukaryotic cells, the CSK is a major force-bearing structure, 
which plays a key role in cells ability to contract, spread, divide, migrate, resist external 
forces and deformation, and facilitate transport of matter inside the cell.  CSK is 
comprised of various proteins, among which three families of proteins take the main part, 
forming three types of filament: actin filament, intermediate filament, and microtubules. 
[9]. 
Cytoskeletal tension (or prestress) is generated through binding interactions between 
actin and myosin filaments, which are a superfamily of motor proteins, activating a 
myosin ATPase that drives filament sliding. The actin-myosin interaction is promoted by 
phosphorylation of the regulatory myosin light chain (MLC) by MLC kinase, whose 
activity is controlled by intracellular calcium ( Ca#$) and calcium-modulated protein 
(calmodulin) levels. This stimulatory influence is balanced by MLC phosphatase, whose 
activity is controlled by various signaling molecules, including Rho-associated kinase, 





Cells have the ability to maintain shape stability. For that, mechanical force balance 
needs to be established in the CSK. This balance is achieved by both cell’s interactions 
with extracellular matrix (ECM) and with microtubules that resist compression inside the 
cell [23].  
1.1 5 Cell Types  
In this study, tensional homeostasis of three types of cells: endothelial cells, 
fibroblasts, and vascular smooth muscle cells, are investigated. Endothelial cells could be 
found on the surfaces of blood vessels and lymphatic vessels. These cells are tightly 
aligned with each other, forming a thin, usually single, layer, and directly contact with the 
flow, i.e., lymph or blood in the lumen.   
Fibroblasts are a type of connective tissue cells widely dispersed in the connective 
tissues around body, maintaining the ECM. They are usually independent from each 
other, and do not form clusters in vivo. Fibroblasts are able to secrete ECM components 
rich in type I or type III collagen, as well as elastin, glycoproteins and 
glycosaminoglycans (GAGs). Fibroblasts also possess the ability to differentiate into 
other types of connective tissue cells [9].  
Smooth muscle cells are a kind of myocyte developed from fibroblasts [9]. These 
cells are the main contractile cells in the walls of viscera and in blood vessels, as well as 
the contractile elements in blood vessel walls and secretory gland ducts. Smooth muscle 
cells are found in situations requiring sustained slow or rhythmic contractions not under 




as endothelial cells. 
1.1.6 Micropattern Traction Microscopy  
Micropattern traction microscopy has been used in to measure cell-ECM traction 
forces [6][29][21][22]. The main advantage of this technique is that the cells could only 
form a FA on each patterned dot, allowing measurements of contractile force acting on 
each FA. Briefly, fibronectin is isolated from human plasma. The fibronectin is then 
fluorescently labeled with Alexa Fluor dyes, hence is able to generate bright green light. 
Using lithography, the desired pattern can be created on a silicon wafer to make molds. In 
the past studies, the pattern is usually a 1 cm × 1 cm dot array, in which all the dots are of 
1 µm or 2 µm diameter, and 6 µm center-to-center separation. PDMS (Sylgard) mixed 
with elastomer is poured on to the mold, and baked to create stamps. After the 
solidification, the PDMS stamps are split from the molds, and the fibronectin in PBS is 
adsorbed onto the stamps (Fig 1.7 A). Light finger pressure is then applied to the stamp to 
print the fibronectin onto glass coverslips (Fig 1.7, B, F), and then transfer the patterns on 
the coverslip to a polyacrylamide (PAA) gel attached on another piece of glass coverslip 
(Fig 1.7 C, D, G). Fibronectin will form covalent bond with PAA gel. The stiffness of the 
PAA gel can be controlled. After the patterns are transferred, The cells are seeded on the 
PAA gels, and form FAs on the fibronectin dots (Fig 1.7 E) [6][29][22]. 
When cells are planted on the micropatterned PAA substrates, they form FAs and 
exert traction forces at the fibronectin dots.  Because of the substrate compliance, it 
deforms under traction forces and the fibronectin dots move.  The movement of 




Figure 1.7 A mold is created in PDMS that can stamp the desired pattern onto glass. 
Fluorescently labeled fibronectin in PBS is adsorbed onto the stamp (A). Adsorbed fibronectin is 
then stamped onto the coverslip (B), thus leaving only the fibronectin pattern on the glass. 
Transfer the pattern to PAA polymer gel (C). After removal of the top coverslip, the pattern is 
covalently bond to the upper surface of the PAA gel (D), thus permitting cell attachment and gel 
contraction due to cell contractile forces (E). Fluorescent microscopic images of a pattern on 
glass (F) and a pattern after transfer onto the PAA gel (G). Reprinted from reference [22]. 
 
vector u can be measured by comparing with the assumed traction-free positions. The 







2 + ν − ν# , (1.1) 
where E and ν are Young’s modulus and Poisson’s ratio of PAA gel, respectively, and a 
is the radius of the dots [6][29]. 
More recently, micropattern dot arrays of desired size and shape were developed, by 
Polio et al. [21]. and termed as “island patterns”. Briefly, after the fibronectin dot arrays 
are microprinted on the glass coverslip from the PDMS stamp, another PDMS stamp 
treated with 2.5% glutaraldehyde is placed on the microprinted glass coverslip for 30 min 
to remove the microprinted pattern in the area contacts with the second stamp, and 
remain the wanted dot arrays (Fig 1.8 A). Then the pattern is transferred onto the PAA 
gels, similar as the previous micropatterning protocol. As fibronectin are removed in the 
area other than the islands, outside of these islands, there is no fibronectin patterned, thus 
the FAs could not form, and the cells can only attach to the area patterned with dot arrays 
(Fig 1.8 B) [21]. Traction microscopy experiments based on this protocol were simulated 
in the present study. 
 
Figure 1.8 (A) A Glutaraldehyde treated stamp can be used to remove protein in unwanted areas. 





CHAPTER 2: Effects of Geometry and Force Dynamics 
2.1 Introduction 
Previous studies have indicated that in confluent BAECs, the temporal fluctuations 
of the traction field is attenuated with increasing cluster size at a rate that is slower than 
the inverse square root dependence [6][25][29]. On the other hand, in MEFs and 
BVSMCs fluctuations of the traction field are of low level, and do not attenuate when the 
cluster size increases [29]. Factors affecting fluctuation attenuation and the cause of 
difference between cell types remain unclear.  
 
Figure 2.1 Traction forces measured by micropattern traction microscopy. A and B: bright field 
image and traction distribution, respectively, of a 5-cell BAEC cluster. Magnitude of traction 
forces are greater near the edges than in the interior of the cluster. Reprinted from reference [6]. 
 
There are several observations that may explain the observed behavior. First, several 
researchers found that traction forces applied to a cluster are not uniformly distributed.  
Forces acting on focal adhesions (FAs) in the interior of the cell clusters are generally of 
a smaller magnitude, while forces acting on the edge FAs are usually of a larger 




[29] observed in different cell types that the temporal fluctuations of traction forces are 
negatively correlated with the force magnitude (Fig. 2.2). Taken together, it is reasonable 
to infer from those observations that attenuation of traction field fluctuations would be 
affected by the number of large, less fluctuating forces relative to the number of small, 
more fluctuating forces. As the size of a cluster increases, the number of interior FAs 
would increase relative to the number of edge FAs since the projected area of the cluster 
would increase faster than its circumference.  For clusters of the same size (or the same 
projected area), the number of edge FAs relative to the number of interior FAs would be 
greater in non-convex shaped clusters than in the convex shaped clusters, since in the 
former the ratio of the circumference to the projected area is larger than in the latter. 
Figure 2.2 Coefficient of variation of 
FA forces (CVF) decreases with 
increasing of the mean forces in BAECs, 
MEFs, and SMCs.  Each dot represents 
a measured FA force. Data are obtained 
from traction microscopy measurements 
in single BAECs, SMCs, and MEFs, and 
their confluent clusters [5],[7]. The 






In this chapter, we analyzed how cluster size and shape, traction force magnitude 
and their temporal fluctuation affected fluctuation of the overall traction field of the 
cluster, by combining mathematical analysis and a mathematical cell cluster model.  
 
2.2 Mathematical Analysis of Coefficient of Variation 
As a scalar metric of traction field temporal fluctuations, we used the coefficient of 
variation (CVT) of the net traction force (T), which was used in previous studies [29]. The 
net traction force is defined as the sum of the magnitudes (norms) of all traction force 
vectors (F) acting on a cluster,	which is an effective metric of traction field variability, 
and easy to measure in the experiments. Net traction force (T) is calculated as the sum of 





where 𝑡 denotes time, n denotes the number of forces in the cluster. From Eq. 2.1, CVT 
was calculated as follows 
𝐶𝑉@ =
σ(𝑇)
á𝑇ñ , (2.2) 
where σ(𝑇) is the standard deviation and áTñ is the time average of T(t). 
We assumed that there are two categories of traction forces: a large edge force (Fe), 











where 𝐹CD and 𝐹CF  are the magnitudes,	𝑛D and 𝑛F are the numbers of edge forces and 






























As we assumed there are only two types of forces, for all the forces in the same category, 
their mean magnitudes are same, i.e., 
á𝐹CDñ = á𝐹Dñ; 	á𝐹CF ñ = á𝐹Fñ		(2.5) 
Thus the mean net traction force is 
á𝑇ñ = 𝑛Dá𝐹Dñ+ 𝑛Fá𝐹Fñ		(2.6) 
Assuming that the magnitudes of forces are independent from each other, the variance of 


































From Eq. 2.8, we found CVT is determined by six independent variables: CVe , CVi, ne, ni, 
áFeñ, and áFiñ. Previous experimental results indicated that there is a weak negative 




2.2), regardless of the cell type and cluster size[6][29], suggesting that CVT is determined 
by only four independent variables, ne, ni, áFeñ, and áFiñ. 
If there is only one kind of force in the cluster, i.e., 𝐶𝑉D = 𝐶𝑉F; á𝐹Dñ = á𝐹Fñ, Eq. 2.8 





i.e., fluctuations of the traction field scale with fluctuations of individual traction forces 
according to an inverse square root relationship. In this case, statistical averaging 
(according to classical central limit theorem) governs the attenuation of 𝐶𝑉@ with 
increasing cluster size. In the case that áFeñ > áFiñ,	, we used an empirical relationship 
based on the experimentally observed relationship between CVF and áFñ (Fig. 2.2), and 
thus determined the relation between CVT and variables according to Eq. 2.8. 
There is a weak negative correlation between áFñ and CVF in BAECs (Spearman 
correlation coefficient r = -0.2442, p = 2´10-7). Using a linear regression fit in the least 
square sense, CVF vs. áFñ relationship was obtained: 𝐶𝑉W = 0.4611 − 0.0204á𝐹ñ (Fig 
2.2). For MEFs, there was a stronger negative CVF vs.áFñ correlation (r = -0.4409, p = 
2´10-7), and the corresponding linear regression was 𝐶𝑉W = 0.3803 − 0.0258á𝐹ñ, Fig. 
2.2).  For BVSMCs, there was a negative CVF vs. áFñ correlation (r = -0.4049, p = 
2´10-7), and a linear regression relationship was 𝐶𝑉W = 0.3955− 0.0231áFñ (Fig. 2.2).   
From these empirical relationships, we calculated CVF from the mean magnitude of 




1 nN. Thus, here CVT is determined by 2 independent variables, ;E;G  and 
áWEñ
áWGñ
. We plotted 
the relation CVT vs. ;E;G  and 
áWEñ
áWGñ
 for the three types of cell (Fig 2.3). We found that for a 
cluster of fixed size, temporal fluctuation of traction field (CVT) attenuated with 
increasing ;E
;G
 and increasing áWEñ
áWGñ
, in which the increase of áWEñ
áWGñ
 had a major effect on CVT, 
while the change in ;E
;G
 had a minor effect. This result applies for all three types of cell. 
Comparing the results between cell types, we found that BAECs exhibited somewhat 
higher values of CVT than MEFs and BVSMCs. 
 
Figure 2.3 Variability of the traction 
field (CVT) as a function of ne/ni and 
áFeñ/áFiñ for fixed number of force n = 
32, and fixed áFiñ = 1 nN . Figures are 






2.3 Mathematical Model of Cell Clusters  
To further investigate how cluster size, shape, magnitude and dynamics of 
traction forces affect variability of the traction field, we developed a mathematical model 
of cell clusters. 
 
Figure 2.4 Shape of convex (square) cluster shapes (A) and non-convex, irregular shaped clusters 
(B). The size of square clusters and non-convex clusters ranges from 1 to 121. 
Individual cells are depicted as two dimensional, massless square blocks. Clusters are 
formed of individual cells which are continuously attached to each other along the edges. 
To investigate the effects of cluster shape, we modeled two types of clusters: convex, 
square-shaped clusters, and non-convex clusters of irregular shapes (Fig 2.4). Clusters 
containing 1, 4, 9, 16, 25, …, 121 cells are considered. For the purpose of modeling, we 
considered traction forces as externally applied forces. There are eight external applied 
forces acting on each cell, four forces applied at ¾ of the diagonal half-length and four 




2.5). Each force points outwards along the direction of the diagonal of the cell. Since 
measurements in living clusters show that forces near the edges are greater than the interior 
forces, we applied larger forces at cell corners that lie along edges of the cluster, and smaller 
forces to the interior of the cells, and cell corners that are in the interior of the cluster. These 
forces are shown in a few example clusters in Fig. 2.5. 
 
Table 1 Values for the total number of cells (N), the total number of traction forces (n), the total 
number of edge forces (ne) and of interior forces (ni) for ne/ni ratio for square (convex) clusters 
and for non-convex clusters. 
In the square clusters, the number of edge forces and interior forces are: 
𝑛D = 4Y2√𝑁 − 1\;	𝑛F = 4 ]𝑁 + Y√𝑁 − 1\
#
^		(2.11) 
respectively, where 𝑁 is the total number of cells in the cluster. Non-convex clusters have 
no regular shape, and hence do not follow a pattern. Values for ne and ni for these clusters 
are shown in Table 1. When the cluster size increases, the ratio ;E
;G
 keeps decreasing in 





Using Eqs. 2.8 and 2.11, and set áFiñ to be 1 nN, first we plotted the relation between 
áFeñ/áFiñ, cluster size, i.e., number of cells N, and CVT for convex clusters (Fig. 2.6). The 
graph shows that CVT decreases with increasing cluster size N and increasing áFeñ/áFiñ. 
Among three types of cells, CVT of BAECs is less sensitive to the change of áFeñ/áFiñ, 
while CVT of MEFs is more sensitive to the change of áFeñ/áFiñ. 
 
Figure 2.5 Distribution of forces in different sample clusters. When forces are divided into two 
categories, all big arrows represent edge forces, while the small arrows represent interior forces. 
When forces are divided into 3 categories, Big black arrows represent the corner forces; big grey 
arrows represent the edge forces; small arrows represent the interior forces. 
Next we calculated CVT for clusters of different size N, for both convex and non-
convex clusters, for two sets of values of áFeñ and áFiñ of 5 and 1 nN and of 14 and 1 nN, 
respectively (Fig. 2.7). The graphs show that in all three types of cell clusters, of both 
convex and non-convex shape, the higher the ratio áFeñ/áFiñ is, the more attenuated CVT 
is, and the slower the rate of attenuation of CVT with increasing N is. The attenuation is 
slower than inverse square root dependence. It was also found that CVT in non-convex 




mathematical analysis that for a cluster of fixed size, the more edge force it has, the lower 
its CVT is (Fig 2.3). The difference between CVT in convex clusters and non-convex 
clusters is minor, compared to the attenuation with the increasing cluster size and the 
difference caused by different force magnitude. 
 
Since the magnitude of traction forces and their variability are negatively correlated, 
the effect of force magnitudes on tensional homeostasis includes two parts: the direct 
effect of force magnitude áFñ, and the effect due to the ensuing change in CVF. To find 
the effect of these two aspects, we applied the similar calculation, and set all CVF to be 
0.3 (Fig 2.7). We found that contrast to the conditions using CVF vs. áFñ relation from 
linear regression, here higher ratio of áFeñ/áFiñ leads to a non-obviously higher traction 
Figure 2.6 Variability of the traction 
field (CVT) as a function of number of 
cells N and áFeñ/áFiñ. Figures are 
obtained from linear regression, 





field fluctuation. This result suggested that the ensuing change of CVF due to the larger 
difference between áFeñ and áFiñ is the main factor resulting in the decrease of the traction 
field fluctuations with increasing ratio of áFeñ/áFiñ, while the direct effect of force 
magnitude is minor, and acts as an opposite effect. This finding explains that the different 
sensitiveness of CVT of different cell types to áFeñ/áFiñ is mainly because of different 
relation between CVF and áFñ (Fig 2.7).   
 
Figure 2.7  Coefficient of variation (CVT) vs. cluster size (N) for Fe/Fi = 5 (blue) and Fe/Fi = 14 
(Black) in BAECs, MEFs, and BVSMCs obtained from Eq. 2.8 and the linear regression fitted to 
the CVF vs. áFñ of experimental data for BAEC, MEF, and BVSMC cells and clusters.  Another 
condition that all forces have the same fluctuation (CVF = 0.3) are also calculated and plotted. The 
dark colors correspond to the square clusters and the light color correspond to non-convex 




2.3.1 Monte-Carlo Simulation 
In reality, forces acting on the cell clusters are not simply divided into two distinct 
categories with distinct magnitudes (Fig. 2.2). For a more realistic modeling, we used a 
more versatile force distribution where forces were obtained either from Monte-Carlo 
simulations of force dynamics or from physical forces previously measured in living cells 
and clusters. 
We simulated temporal fluctuation of traction forces over 2 hours, at 5 minutes 
intervals of Monte Carlo time. The reasons is that in previous experimental studies of 
tensional homeostasis whose results we analyze here, traction forces were measured over 
2 h, at 5 min intervals [13][6]. 
First, we applied mean force magnitude to corresponding forces in the cluster. We 
divided forces into three categories based on their location in the clusters: corner forces 
located near the corners of the clusters, i.e., the cell corners that are not contact with other 
cells (large black arrows in Fig. 2.5); edge forces, including all the forces acting near the 
cell corners on the cluster edge, except those corner forces (large grey arrows in Fig 2.5); 
interior forces located in the interior of the clusters (small black arrows in Fig. 2.5). For 
BAECs, we assigned large mean force magnitude áFñ ranging 9-13 nN to the cluster corners; 
medium áFñ ranging 3-9 nN to cluster edge; áFñ ranging 1-3 nN to the cluster interior. This 
assigned value is based on previous experimental observations [6][29]. For MEFs, whose 
traction forces were of lower magnitudes than that of BAECs, we assigned 8-13 nN to the 
cluster corners, and 3-8 nN to the cluster edges, while the interior forces remained 1-3 nN.  




assigned 10-14 nN to the cluster corners; 3-10 nN to the cluster edges; and 1-3 nN to the 
cluster interior. The exact value of mean magnitude áFñ of each force is generated from a 
uniformly distributed random number generator in MATLAB.  
According to the mean magnitude of áFñ, CVF of each force could be calculated 
according to the empirical relationship obtained from the linear regression fitted to the 
experimental CVF vs. áFñ relationship (Fig. 2.2). Assuming that all forces fluctuate over 
time following uniform distributions, the upper bound and lower bound of the distribution 






𝐹_`a + 𝐹F;b = 2áFñ,			(2.13) 
where 𝐹F;b is the lower bound, 𝐹_`a is the upper bound [19]. For each force, a 1 × 25 
vector 𝐋 was created, and all the elements in this vector were equal to 𝐹F;b. Then, using 
MATLAB, another 1 × 25 random number vector 𝐑 was created, in which all the 
elements were uniformly distributed random numbers ranging from 0 to 1. We next 
multiplied R with the difference of the upper bound and the lower bound	(𝐹_`a − 𝐹F;b), 
i.e., the maximum fluctuation, and then calculate force magnitude as 
𝐅 = 𝐋 + Y𝐹_`a − 𝐹F;b\𝐑			(2.14) 
Thus we obtained a 1 × 25 force vector F, in which the elements are random numbers 





The assigned force field does not necessarily satisfy the condition of static 
equilibrium (i.e., force resultant and moment resultant are equal to zero).  In order to 
equilibrate the assigned force field, we used a least square procedure, by modulate both 
the magnitudes and direction of forces at a minimum change, as it was done 
previously[6][29][5]. Equilibration procedure was carried out at each 5 min interval over 
2 h. 
After the forces were assigned, we calculated the net traction force T(t) at tth time 
interval, of both the convex and the non-convex clusters from Eq. 2.1. Then CVT in 25 
measurements was calculated from Eq. 2.2, in which the mean magnitude and variance of 












Repeating the simulation for the clusters of each size for 100 times, and we 











2.3.2 Simulation with Measured Forces 
The Monte-Carlo forces were compared with the experimentally measured forces. 
All forces in a 121 BAECs cluster were considered. Fitting the Monte-Carlo CVF vs. áFñ 
relationship with a linear regression, we obtained that CVW = 0.47 − 0.022áFñ (Fig 2.8), 
which is similar to the linear regression relationship obtained from measured forces in 
BAECs (Fig. 2.2). This result could be expected, as the Monte-Carlo forces are the 
simulation of the measured forces and thus provides a check on the simulation. However, 
the forces generated from the Monte-Carlo simulation exhibited random fluctuation, 
while the measured forces in most cases did not exhibit random fluctuations (based on 
run test tables, two-tailed test, p < 0.05, Fig. 2.9). To find the effects of this difference on 
traction field fluctuations, we applied randomly-picked experimentally measured FA 
forces of the same magnitude as Monte-Carlo forces into the model. All FA traction 
forces from the same type of single cells and cell clusters were assigned to a m´26 
matrix, where m is the total number of forces, and each row represents a force. Columns 
1 to 25 correspond to the magnitude of forces measured in 25 time intervals, and column 
26 is the mean value of columns 1 to 25, i.e., temporal average magnitude of the forces, 
áFñ. Based on the magnitude of forces, we sorted the forces into three categories: corner 
forces, edge forces, and interior forces, of the same range of áFñ as Monte-Carlo forces. 
Then the FA forces were ranked in each category from high to low. The number of forces 
in each category is counted as m1, m2, and m3. Then we generated n1 random integers 
between 1 and m1, n2 random integers between 1 and m2, and n3 random integers between 




cluster, respectively. These random integers indicate the rows, and the forces at these 
rows, in the corresponding categories, were picked, and assigned into the cluster, as we 
did for Monte-Carlo forces. After the forces were assigned, the similar equilibration 
procedure as we used for Monte-Carlo forces were applied to equilibrate the forces and 
the moments. Values for CVT from 100 simulations for each cluster size, for both convex 
and non-convex clusters, were calculated and the mean CV@kkkkk was obtained. We plotted 
CVT vs.  N (Fig 2.10). 
 
Figure 2.8 Coefficient of variation of Monte Carlo forces (CVF) decreases with increasing of the 
mean force (áFñ). Each dot represents a force. Data are obtained from Monte Carlo simulations of 
BAEC forces applied to the 121-cell cluster model.  The black line is the linear regression best fit, 





Figure 2.9 Representative examples of Monte Carlo force fluctuations (A) and experimental FA 




2.4.1 Monte-Carlo Simulation 
Using forces obtained from Monte-Carlo simulation, we found that CVT decreased 
with increasing N, for all three types of cells (Fig. 2.10). In single cells and in small 
clusters of BAECs, CVT was higher than in MEFs and in BVSMCs. With increasing 
cluster size, CVT of BAECs exhibited a rapid decrease. In contrast, CVT of MEFs and 
BVSMCs, was lower than BAECs for small clusters, and exhibited a less rapid 
attenuation than BAECs, with increasing cluster size. For the clusters of the same size, 
the square clusters had slightly higher values of CVT, compared with the non-convex 






2.4.2 Simulation with Measured Forces 
When the real FA forces of similar magnitude as the Monte Carlo forces were 
applied to the model, we found that BAECs exhibited higher values of CVT in single 
cells, and attenuated with increasing cluster size, while MEFs and BVSMCs maintained 
low level of CVT in single cells, and attenuated with increasing cluster size at slower rates 
than BAECs. Compared with the Monte-Carlo forces, here CVT exhibited higher values 
and lower rate of attenuation with increasing N than in the case of Monte Carlo forces in 
Figure 2.10 Coefficient of variation 
(CVT) vs. cluster size (N) relationship 
obtained with the cluster models with 
Monte Carlo forces (black) and with FA 
forces obtained from measurements in 
clusters of BAECs (blue).  The dark 
colors correspond to the square clusters 
and the light color corresponds to the 
non-convex clusters.  Data are means 





all cell types (Fig. 2.10). Square clusters exhibited somewhat higher values of CVT than 
non-convex clusters.  
 
2.5 Discussion 
In this study, we analyzed how size and shape of cellular clusters, as well as the 
magnitude and dynamics of cell-ECM traction forces affect variability of the overall 
traction field of single cells and multicellular clusters. These aspects of tensional 
homeostasis have not been previously explored and in that regard results of our analysis 
are novel. They provided new insight into mechanisms by which tension is maintained 
stable in cells and tissues. We found temporal fluctuations of the traction field attenuated 
with increasing cluster size under as a result of statistical averaging, which is consistent 
with previous experimental [6][29] and modeling [25] results. The increasing ratio of 
small and more fluctuating interior forces versus large and less fluctuating edge forces 
would promote the traction field fluctuation. In clusters of the same size, the convex 
square clusters exhibited higher CVT, while the non-convex clusters with higher portion 
of edge forces exhibited lower CVT. In all three types of cells, using either experimentally 
measured forces or Monte-Carlo forces, the difference in CVT between convex clusters 
and non-convex clusters was always small, and hence we could conclude that the effect 
of shape was minor. Together, the effect of statistical averaging, and the different 
magnitude and dynamic between forces contribute to the attenuation of traction field 





Results from the mathematical model indicated that the traction field of single 
BAECs is highly fluctuating, and this fluctuation would attenuate with increasing cluster 
size. In contrast, MEFs and BVSMCs exhibit a more stable traction field in both single 
cells and in cell clusters. This finding is in agreement with the result of the previous study 
by Zollinger et al. that the traction field fluctuation in MEFs and BVSMCs does not 
attenuate with increasing cell cluster size, while single BAECs exhibit a more fluctuating 
traction field, which attenuates with increasing cluster size [29]. This result could be 
explained by different dynamics of forces in different types of cells. We found that 
different dynamics of forces has a significant effect on the traction field variability. It was 
also found that by affecting the fluctuation of forces, the magnitude of forces affects the 
traction field variability. High ratio of edge force magnitude versus interior force 
magnitude mWEn
mWGn
 would result in a lower traction field fluctuation, and a slower attenuation 
rate when the cluster size increases. 
Comparing the results from Monte-Carlo forces and measured forces, we found the 
traction field fluctuation obtained using Monte-Carlo forces was lower than that of 
experiment-measured forces. Considering the same mean magnitude and the coefficient 
of variation of Monte-Carlo forces and measured forces, this finding could result from the 
different fluctuation of these two kinds of forces. Monte Carlo forces exhibit random 
fluctuations, while the measured FA forces in most case exhibit non-random fluctuations. 
Many of FA forces vary over a bigger range, compared with the random fluctuating 
forces. We could see from Fig. 2.2 and Fig. 2.8 that a large portion of experimentally 




Carlo forces. Consequently, the traction field of the clusters with measured forces could 
be more fluctuating, compared to the traction field of the clusters with Monte-Carlo 
forces. It was also found that using experimentally measured forces, there would be a 
greater standard error in multiple times of experiment. This could be the result of more 
scattered CVF in experimentally measured forces, comparing with the forces simulated by 
Monte-Carlo approach (Fig. 2.2 and Fig. 2.8).  
Quantitatively, values of CVT obtained in this model with experimental-measured 
forces are lower than values obtained directly from experiments (Fig 1.5, Fig 2.10) 
[6][29]. A possible reason for this discrepancy is that we only used those forces that 
remained above the 0.3 nN threshold over the entire 2-hour observation (forces < 0.3 nN, 
could not be distinguished from 0). However, in the experiment, some forces would form, 
perish, or decrease below 0.3 nN. These forces are mainly of small magnitude. Since 
smaller forces have greater value of CVF, neglecting these forces might result in 
underestimate of CVT. On the other hand, for large forces, that perish during the 2-h 
experimental observation would result in an abrupt change in net traction, hence resulting 
in the increase in traction field variability. This change can be obvious in small clusters 
with small net traction force. 
Another possible reason for lower values of CVT compared with the previous 
experiments is that we did not take the change of cluster shape during the experiment into 
consideration. Note that even though for cell clusters of the same size and different shape, 
their difference in shape only results in minor difference in CVT, it does not mean the 




shape changes, the number of edge forces and interior forces will also change. As they 
are of different magnitudes, this change will result in the fluctuation of net traction force 
T(t). 
The adjustment of the force field is applied at every 5-min interval in order to 
ensure that the forces satisfy static equilibrium. As a result of this adjustment, force 
vectors would change their directions and magnitudes. This, in turn, might have effect on 
our estimates of CVT, especially in smaller clusters.  However, this adjustment was also 
applied to experimentally measured traction field and thence, values of CVT obtained 
directly from the experimental data were also influenced by the adjustment procedure. 
In summary, this analysis and modeling identified three major factors that affect 
tensional homeostasis: statistical averaging, force dynamics, force magnitude, and cluster 
shape as a minor factor.  We previously found that the statistical averaging plays a key 
role in tensional homeostasis [6][25], while other three factors are novel findings. 
Different force magnitude and force dynamics in different cell types might explain why 
some types of cell, such as MEFs and BVSMCs, could maintain tensional homeostasis in 
single cell level, while clustering is necessary for tensional homeostasis in BAECs. As a 
minor factor, cluster shape affects tensional homeostasis of the cell cluster by affecting 





CHAPTER 3: Simulating Traction Microscopy and Effects of Shear Stress on 
Tensional Homeostasis in Square Clusters 
3.1 Introduction 
One feature of micropatterned traction microscopy is to microprint dotted patterns of 
specific shape and size on polyacrylamide (PAA) gel substrates. Polio et al. (2014) 
microprinted square fibronectin dot islands of different sizes on PAA gels, and measured 
traction forces of clusters of 3T3 fibroblasts [21].  Recently, investigators from Dr. Smith 
laboratory began to use square dot islands to study tensional homeostasis in BAECs and 
BVSMCs (unpublished data).  Since in the previous chapter we showed that cluster shape 
could influence attenuation of traction field temporal fluctuations, here we attempted to 
simulate experiments on the square micropatterned islands and then calculate the traction 
field variability on the square micropatterned islands of different sizes. By maintaining 
the cluster shape uniform and convex (square), we could eliminate the effect of shape on 
the traction field attenuation of cell clusters of different sizes. Results of this approach 
would be helpful for future experimental studies of tensional homeostasis on 
micropatterned dot square islands.  
We considered micropatterned islands ranging from twenty-five dots to hundreds of 
dots. The diameter of dots is 2 µm, and the center-to-center distance between each dot is 
6 µm. We assumed that cells formed confluent clusters on the islands and that FAs 
formed at each dot within an island.  
We next developed a model to simulate traction microscopy measurements on the 




calculated CVT and CVM for clusters of BAECs, MEFs, and BVSMCs.  
The endothelium in vivo bears the shear stress from blood or lymph flow. It has been 
suggested that a high magnitude of steady shear stress could promote tensional 
homeostasis in the endothelial cell monolayer, while turbulent shear stress has a 
detrimental effect on tensional homeostasis, both in vivo and in vitro [7]. However, there 
are neither experimental nor modeling evidence to support this assertion. Here, we 
simulated the effect of steady shear stress on tensional homeostasis of clusters of BAECs 
using the square micropatterned island model.  
 
3.2 Method 
  We considered a model of square micropattern islands where 2-µm diameter 
fibronectin dot markers were depicted as dimensionless dots at 6 µm separation. Finite 
forces were applied to each dot to simulate experimental cell-substrate traction forces. All 
forces pointed outward from the center of the cluster. The clusters considered ranged 
from 5´5, 6´6, …, up to 21´21 dots in size (Fig 3.1). 
3.2.1 Simulating Traction Microscopy Experiments  
Traction forces measured from BAECs, BVSMCs, and MEFs single cells and cell 
clusters were used in the simulation.  Note that these forces were obtained from freely 
formed clusters, not from the clusters cultured on the square shaped islands. We divided 
the forces into five categories (Fig. 3.1) according to their mean magnitude: forces from 




were assigned to one corner; forces from the second category áFñ =11-13 nN for BAECs, 
11-14 nN for BVSMCs, 9.5-12.5 nN for MEFs were assigned to the three remaining 
corners; forces from the third category áFñ = 7-11 nN for BAECs and BVSMCs, 6-9.5 nN 
for MEFs were assigned to three FAs surrounding each corners; forces from the fourth 
category áFñ = 3-7 nN for BAECs and BVSMCs, 2.5-6 nN for MEFs were assigned to all 
other dots along the edges; forces from the fifth category áFñ = 0.3-3 nN for BAECs and 
BVSMCs, and 0.3-2.5 nN for MEFs were assigned to interior dots. The forces were 
assigned using the same method as described in Chapter 2. After the forces were 
assigned, equilibration procedure was applied at each 5-min time interval over 2 h. 
 
 
In this simulation, we used CVT and another metric of traction force fluctuations, the 
coefficient of variation of the net traction moment (CVM).  The net traction moment is 
equal to the sum of the dot product of traction force vectors and the corresponding 









Figure 3.1 A sketch of a 11×11 square dot model. 
The FAs (dots) are of 2 µm diameter, and the 
distance between two nearby centers of FAs is 6 
µm. Forces were divided into five categories 
according to their mean magnitude áFñ, the largest 
were assigned to one corner (red); the forces in the 
second category were assigned to 3 other corners 
(orange); the forces in the third category were 
assigned to three FAs surrounding the corners 
(green); the forces in the fourth category were 
assigned to all other FAs on the edge (blue); the 







where n is the number of forces; 𝐫C is the position vector; 𝐅C  is the force vector; 𝐹Cx and 
𝐹C
z, 𝑥C and 𝑦C  are the Cartesian components of 𝐅C  and  𝐫C, respectively. Physically, for a 
plane state of stress, M is proportional to the product of the mean normal stress (i.e., the 
trace of the stress tensor within the cluster) and the cluster volume.  Thus, M provides a 
more realistic description of the mean cytoskeletal tension than T.  
 
For each cluster, traction simulation was repeated 100 times. For each simulation, 
we calculated CVT and CVM, and then obtained their mean values.  Since we could not 
determine how many cells can fit in a square dot island, we plotted CVT and CVM as a 
function of the number of dots (i.e., the number of forces) in the square islands. (Fig 3.2). 
	
3.2.2 Simulating Flow-induced Shear Stress 
The effect of externally applied shear stress due to steady shear flow is simulated as 
follows (Fig. 3.3). For a square cluster island containing n dots, the projected area (A) of 
the cluster is 
𝐴 = [𝑑Y√𝑛 − 1\]#,				(3.2) 
where d is the distance between neighboring dots. The net shear force (S) due to steady 
shear stress (t) applied to the cluster is  
𝑆 = τ𝐴.			(3.3) 
The traction field before shear stress was applied was equilibrated. After shear stress 
was applied, the traction field changed and new traction forces (F′) and the applied shear 





Figure 3.2 Coefficient of variation (CVT, CVM) vs. number of FAs relationship FA forces 
obtained from measurements in clusters of BAECs, MEFs, and SMCs. The dashed line 
















The direction of vector 𝐅𝒔 is opposite from the direction of the shear flow. Equilibrium of 




+ 𝑺 = 0.		(3.5) 
The moment is also balanced, as for an arbitrary center of moment (X, Y),  










where a is the edge length of this square cluster, x and y are the coordinates. 𝜏x, 𝜏z, 𝐹_x, 
𝐹_
z are the Cartesian components of 𝛕 and Fs, respectively. 
We applied shear stress of magnitude 5, 10, 20, and 30 Pa. The net traction force of 
the new traction field was calculated as 
𝑇′(𝑡) = ∑ 89𝐅:′(𝑡)98;:<= .		 (3.7)   
 We calculated the coefficient of variation of the net traction CVT as we did 
previously. This calculation was repeated 100 times, and the mean value of CVT was 
obtained, and we plotted CVT as a function of the number of dots in the cluster (Fig 3.4 
left). 
To investigate the change in the force fluctuations CVF when the shear stress is 
applied, we considered a 21×21 cluster, and shear stress of 5 Pa, 10 Pa, 20 Pa, and 30 Pa.  




stresses were applied. The Kolmogorov-Smirnov test was used to find the difference in 
CVF of all forces before and after shear stress application. The average CVF of all forces 








where n is the number of forces.  To find the effect of shear stress on different types of 
forces, we took all forces at edge and corners (áFñ > 3 nN), and the same number of 
interior forces (áFñ < 3 nN), and used the Kolmogorov-Smirnov test to compare the 
change of the CVF in these two categories of forces before and after 30 Pa shear stress 
was applied. 
 
Figure 3.3 A sketch of the shear stress. When shear stress (black, left) wa applied, the shear 
forces applied to each FA were of the same magnitude. The same force vector (blue) was added 




The CVT and CVM vs. n relationships for BAECs, BVSMCs, and MEFs are shown in 




increasing n, and this attenuation was slower compared with inverse square root 
dependence (Fig 3.2. a, b). For clusters of MEFs (Fig 3.2 c, d), attenuation was much less 
pronounced than in BAECs. For clusters of BVSMCs (Fig. 3.2 e, f), there was virtually 
no attenuation. These results were consistent with the results of previous experimental 
study which showed that increasing cluster size reduced traction field fluctuations in 
BAECs, but not in MEFs and BVSMCs (Fig. 1.6) [29]. 
When the laminar shear stress was applied to BAECs, we found a decrease in CVT 
with increasing shear stress (Fig 3.4 left), suggesting that the shear stress attenuated 
fluctuations of the traction field. This decrease was minor for the shear stress of 5 Pa and 
10 Pa, and became prominent for the shear stress of  ³ 20 Pa. We also found that the 
effect of shear stress on attenuation of CVT was not linear. When shear stress changed 
from 0 to 10 Pa, there was minor change in CVT (1% decrease of CV@kkkkk in 21´21 FA 
clusters), while when shear stress changed from 20 Pa to 30 Pa, there was a more 
prominent decrease in CVT (7% decrease of CV@kkkkk in 21´21 FA clusters). These results 
indicated that low steady shear stress had virtually no effect on the attenuation of the 
traction field fluctuations, whereas high, steady shear stress had a substantial attenuating 
effect on the traction field temporal fluctuations. We also found that the shear stress 
could attenuate traction field fluctuations in larger cell clusters more than in smaller cell 






Figure 3.4 Left: CVT vs. number of FAs (n) relationship obtained in BAEC dot array model, 
when 5-30 Pa steady shear stress was applied. Data are means from 100 simulations ± SD. Right:	
Attenuation of CVT under 30 Pa steady shear flow vs. number of FAs (n) relationship. The y axis 
is the decrease of CVT in proportion compared with static condition.  
 
The investigation to the effect of steady shear stress on the temporal fluctuation of 
force magnitude suggested the decrease in CVF under the effect of shear flow (Fig. 3.5). 
When small shear stress was applied, we found a minor change of average CVF of the 
forces in the cluster, and Kolmogorov-Smirnov tests also indicated that there was no 
significant change (p > 0.05) in the distribution of CVF. [Control (0 Pa): 𝐶𝑉Wkkkkk = 0.4313; 5 
Pa: p = 0.4167, 𝐶𝑉Wkkkkk  = 0.4258; 10 Pa: p = 0.0599, 𝐶𝑉Wkkkkk = 0.4145]. Whereas larger shear 
stress was applied, the temporal fluctuation of forces exhibited a prominent decrease, and 
there was significant change of the distribution of CVF (20 Pa: p = 0.0002, 𝐶𝑉Wkkkkk=0.3829; 
30 Pa: p = 1.2078 × 10=l, 𝐶𝑉Wkkkkk=0.3450) This decrease correspond to the decrease in 
CVT, indicating high magnitude of shear stress could attenuate the fluctuation of forces 
acting on FAs, hence attenuates the temporal fluctuation of the entire traction field. The 
effect of shear stress on the forces of different magnitude was also investigated. 




edges under the shear stress, we found the shear stress did not significantly affect the CVF 
of large edge and corner forces (Kolmogorov-Smirnov test, p=0.9978); while the CVF in 
small interior forces significantly changed (Kolmogorov-Smirnov test, p=2.69 × 10-6). 
This finding suggested that the entire decrease of force fluctuation is mainly contributed 
from the decrease of temporal fluctuation in small forces.		
 
 
Figure 3.5 Comparison of the mean coefficient of variation of FA forces (CVWkkkkk) of forces in a 
21×21 dot array, before and after 5, 10, 20, 30 Pa steady shear stress was applied. Each red dot 
represents the CVW	kkkkkvs. áFñ relation of a FA force before the shear stress is applied, and each blue 





From this study, we found that the temporal fluctuation of traction field in MEFs 
and BVSMCs maintained a lower level, and did not attenuated with the increase of the 
cluster size. In contrast, in BAECs, traction field fluctuation was higher than in MEFs 
and BVSMCs in single cells and small clusters, exhibited attenuation when the cluster 
size increased, and this decrease was slower than the inverse square root dependence. 
These results suggested that MEFs and BVSMCs did not require clustering for tensional 
homeostasis, while BAECs did.  This is consistent with the results from the mathematical 
model in Chapter 2, and with results from a previous experimental study [29].  
When relatively high shear stress was applied to clusters of BAECs, the fluctuations 
of forces in the clusters would decrease, thus the fluctuation of traction field was 
attenuated in the clusters of all sizes. This result is in agreement with previous claim [7] 
that steady shear flow of large magnitude could promote the tensional homeostasis in the 
endothelium. We also found that in larger clusters attenuation of traction field fluctuation 
was greater than in smaller clusters. This observation is consistent with experimental 
observation that single BAECs are less sensitive to steady shear stress than in clusters of 
BAECs (unpublished data by H. Xu). The reason could be that in small clusters there is a 
smaller fraction of more variable interior forces relative to the less variable edge forces, 
and that the shear forces are more effective in decreasing the force magnitude variability 
in small, fluctuating forces. 
The magnitude of shear stress that is needed to attenuate traction field fluctuations in 




suggested that 1.2 Pa steady shear flow would significantly improve the level of tensional 
homeostasis in a endothelial cell monolayer [7] both in vitro and in vivo. In contrast, our 
simulation showed very little effect on the traction field fluctuations for shear stress up to 
10 Pa, which is much larger than in vivo shear stress, except in thrombosis where the 
shear stress can exceed 10 Pa [15]. This difference could be partly due to the difference 
of cluster size, considering that the size of monolayer is much larger than the square 
islands considered here, and our result that larger clusters experienced more significant 
traction field attenuation. Recently, H. Xu (unpublished data) found that in experiments 
steady shear stress of 0.1 Pa would significantly improve the traction field fluctuation in 
BAEC monolayer, while under 0.5 Pa steady shear stress, the temporal variation of 
traction field dropped to a level close to the control (0 Pa). In this simulation, application 
of shear stress of 0.1 Pa would only result in shear force of 0.0033 nN on each FA, which 
is negligible in comparison with measured FA traction forces. Together, results obtained 
from the shear stress simulation suggest that physiological values of flow-induced shear 
stress have very little effect on attenuation of traction field fluctuations and therefore on 
tensional homeostasis. Some other effects need to be taken into consideration. 
Chien [7] argued that by mechanotransduction, endothelial cells (ECs) could 
actively respond to steady shear stress, and maintain homeostasis in cells. This author 
proposed a variety of EC response to shear stress. Laminar shear flow applied on EC 
would downregulate the expression of monocyte chemotactic protein-1 (MCP-1) in long 
term, which results in the suppression of monocyte attraction into the vessel wall. Such 




is beneficial to cell survival, and the expression of growth arrest genes maintaining a low 
cell proliferation rate. Thus, laminar shear flow could decelerate cell turnover, and a 
lower turnover rate would decrease the permeability of large molecules, such as low 
density lipid (LDL) into EC layers. Moreover, by downregulating sterol regulatory 
element binding protein (SREBP) expression, the steady shear stress also minimizes the 
lipid accumulation. Cytoskeletal actin fibers in ECs remodel under steady shear stress, 
and align to the direction of flow. In the meantime, the morphology of ECs also changes. 
These changes would minimize intracellular tension and thus help ECs withstanding 
applied stress, maintaining thereby vascular integrity. Thus, steady shear stress protects 
vessels from inflammation and atherosclerosis. In contrast, turbulent shear stress has an 
opposite effect in these modulations, and thus atherogenic [7].  
In our model, we only considered the pure mechanical effects to the tensional 
homeostasis of the cells. Mechanochemical factors were not taken into consideration, 
which might explain why shear stress of small magnitude promotes the tensional 
homeostasis in the experiments. This aspect needs to be emphasized in the future study of 






CHAPTER 4: Conclusion 
We used modeling approach to study the effect of various biophysical factors to the 
tensional homeostasis. We found that cluster size, traction force magnitude, and traction 
force variability are the main factors that influence traction field fluctuations and 
therefore tensional homeostasis of cell clusters. With the increase of size, the number of 
traction forces increases, and traction field fluctuation attenuates, according to central 
limit theorem. The difference in traction force magnitude and traction force variability 
could result in the difference in different traction field variability, and explains why in 
certain types of cell such as BAECs, single cells cannot maintain tensional homeostasis, 
while in some other cell types such as MEFs and BVSMCs, single cells can. Cluster 
shape is proved to have minor effect on traction field variability.  Results from the study 
of the effects of traction force magnitude, dynamics, and cluster shape on tensional 
homeostasis are novel and provide a new insight into understanding how cells maintain 
tensional homeostasis. 
The study of shear fluid suggested that high magnitude of steady shear fluid could 
attenuate the traction field variability, and promote tensional homeostasis in cells. This is 
the first study that addressed this idea, and provided an interpretation to the future 
experimental studies on this topic (H. Xu, unpublished works). On the other hand, the 
excess high magnitude of effective shear stress suggested the limitation of understanding 
the mechanism of the effect of shear stress on tensional homeostasis from the pure 
mechanical perspective. Mechanochemical factors need to be emphasized in the future 




In summary, this study investigated the effect of multiple biophysical factors on 
tensional homeostasis from mechanical approach, and provided insight to how cells 
maintain tensional homeostasis, which is critical for normal physiological function of 
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